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Abstract
The paper presents the kinetics of Zn (II) ions adsorption as well as its dependence as a function of pH on nanostructured zir-
conium phosphate and its composites with silica and titania. The nanostructured zirconium phosphate-containing composites 
were obtained by mechanical processing in the Pulverisette-7 (Fritsch Gmbh) mill. The obtained composites were character-
ized by a heterogeneous surface coverage of silica gel or titanium oxides. Zinc ions adsorption studies on these adsorbents 
showed practically complete removal of Zn (II) from aqueous solutions with an initial concentration of < 0.0001 mol/dm3 
and a pH > 4 within 10 min.
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Introduction

The development of civilization related to the consumption 
of modern products causes an increased demand for heavy 
metals and their compounds. Their production and process-
ing are made in various industries which in the technological 
processes related to production generate wastes containing 
heavy metals. These wastes include sewages treated before 
they are discharged into the environment. To treat waste-
waters containing heavy metals, chemical precipitation in 
the form of insoluble compounds combined with sedimen-
tation or filtration, ion exchange, electrodialysis, flotation, 
reverse osmosis, ultrafiltration or adsorption are used (Fua 
and Wang 2011; Renu et al. 2017; de Dias et al. 2019; Altu-
nay et al. 2020; Aboobakri and Jahani 2020; Chen and Wang 
2004; Shirsath and Shirivastava 2015; Kaur 2016). Another 
application of the adsorption methods on new composite 
materials is the preconcentration of metals species in the 
chemical analysis (Kaur 2016) or the preparation of new 
catalysts (Chiang et al. 2019). Adsorption on new compos-
ite materials can also be used to remove other troublesome 

pollutants in sewage and water, such as dyes (Wiśniewska 
et al. 2018).

. The adsorption of heavy metal ions is a cheap and effec-
tive method of removing metal ions from wastewaters and 
waters contaminated with these metals consisting in using 
various adsorbents of natural and synthetic origins (Lim 
et al. 2013; Falayi et al. 2014; Tan et al. 2018; Theron et al. 
2008).

Zinc is a micronutrient, the presence of which is essen-
tial for the proper functioning of the human body but its 
overdose may lead to its poisoning. A zinc overdose is espe-
cially dangerous for animals (Kabata et al. 1999). Due to 
overdosing, zinc ions are among those whose concentration 
is controlled in the environment. Zinc is an element com-
monly found in the earth’s crust but its significant amounts 
are emitted from metallurgical and processing plants. More-
over, it is used in alloys, anti-corrosion coatings, in the paint, 
pharmaceutical and cosmetic industries. Soluble zinc salts 
get into the water and hence it can be absorbed and bioac-
cumulated by living organisms (Altunay et al. 2020; Eisler 
1993).

Studies of the adsorption of zinc ions on the interface 
metal oxide  (SiO2,  Fe2O3 and  TiO2)/electrolyte solution 
as a function of pH showed that in the narrow pH range, 
cation adsorption increases rapidly creating an adsorption 
edge (Janusz et al. 2000, 2003; Chibowski et al. 2002). The 
adsorption edge is characterized by the  pH50% parameter, i.e. 
the pH value at which 50% of the total amount of cations is 
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adsorbed. Besides, the ΔpH10–90% parameter is related to the 
pH range in which the cation adsorption increases from 10 
to 90% and characterized by the slope of the adsorption edge 
(Robertson et al. 1997). For the above-mentioned oxides, 
the  pH50% of the adsorption of zinc ions from the solutions 
with an initial concentration of 0.000001 mol/dm3 which 
characterizes the affinity of ions for the surface, was: 6.2 
for  SiO2 (Falayi et al. 2014). 6.5 for α-Fe2O3 (Lim et al. 
2013) and 5.1 for  TiO2 (Chen and Wang 2004). The tested 
adsorbents can effectively remove zinc ions from neutral or 
alkaline solutions.

Due to the higher Bronsted acidity, zirconium phosphate 
ZrP is promising as an adsorbent of cations (Naushad 2009; 
Clearfield 1982). However, amorphous ZrP is characterized 
by a high specific surface area but low accessible due to a 
sufficiently large content of micropores which impairs its 
kinetic characteristics and reduces the efficiency of its appli-
cation in the cation-exchanging processes. The creation of 
composite materials is one of the ways to overcome this 
disadvantage. Particularly, the deposition onto the supports 
with a large specific surface area and developed mesoporos-
ity is one of the most effective methods to improve ZrP prop-
erties (Zhang et al. 2008a, b; Perlova et al. 2017). It should 
be noted that mechanochemical method was previously used 
for the improvement of adsorption properties both of bulk 
and supported phosphorus-containing adsorbents (Janusz 
et al. 2010; Zakutevskyy et al. 2020).

This paper presents the studies of the kinetics and statics 
of zinc ions adsorption on zirconium phosphate (ZrP) and its 
composites with  SiO2 or  TiO2, the synthesis and properties 
of which were described in our previous papers (Khalameida 
et al. 2017; Sydorchuk et al. 2012).

Experimental

Reagents

Fumed silica (aerosils A-50 and A-380) and titania (Ori-
ana, Ukraine) with the specific surface area 45, 346 and 
64 m2 g−1, respectively, were utilized as supports for the 
preparation of deposited samples. Aerosils are amorphous 
and titania consists of anatase and rutile phases.

Synthesis procedures

The procedures of ZrP deposition (20%w/w) were as 
follows:

Appropriate amounts of reagents, namely ZrP dried xero-
gel or hydrogel with 88% w/w humidity and fumed titania or 
aerosils A-50 (A-380), were subjected to mechanochemical 
treatment (MChT) (milling) at 300 rpm for 0.5 h via Pul-
verisette-7 (Fritsch Gmbh). The milling was carried out on 

air (dry milling) or in water (wet milling). Water was not 
added into the mill when ZrP hydrogel was used. After the 
wet milling, the dispersions were dried at 20 °C for 72 h. The 
bulk ZrP, used during milling was prepared through precipi-
tation by H3PO4 from aqueous solutions of ZrOCl2·8H2O 
as in (Janusz et al. 2000).

Study of physical–chemical characteristics

The starting reagents and products of their mechanochemi-
cal transformations were studied by means of X-ray pow-
der diffraction (XRD) using a diffractometer Philips PW 
1830 with CuKα- radiation. The FTIR spectra in the range 
4000–1400 cm−1 were registered using the spectrometer 
“Spectrum-One” (Perkin-Elmer). The ratio of the sample 
and KBr powders was 1:20. KBr was dried at 600 °C for 2 h 
before the measurements.

SEM and EDS analysis

The zirconium phosphate samples and the ZrP/SiO2 and 
ZrP/TiO2 composites were covered with a conductive car-
bon coater, mounted in the specimen holder and transferred 
to the Quanta 3D FEG scanning electron microscope, FEI 
Company. The qualitative and quantitative surface analyses 
of the main elements of zirconium phosphate samples were 
conducted from the EDS spectra collected using the FEI 
Quanta 3D FEG scanning electron microscope equipped 
with the EDS spectrometer.

Analysis of porous structure

The parameters of porous structure (specific surface area S, 
sorption pore volume  Vs, micropores volume  Vmi, mesopores 
volume  Vme) were determined from the isotherms of low-
temperature nitrogen adsorption obtained by means of the 
analyzer ASAP 2405 N (“Micromeritics Instrument Corp”). 
The outgassing temperature and duration were 150 °C and 
2 h, respectively. Meantime the value of  Vs was determined 
at the relative nitrogen pressure close to 1, the values of 
 Vmi and  Vme were calculated using the t-method and the 
BJH-method, respectively. The total pore volume  VΣ was 
determined via impregnation of the samples by liquid water, 
previously dried at 150 °C. The following relations are valid 
between these parameters:

whereVma—the volume of macropores which are not filled 
in the process of adsorption from the vapour phase but filled 
by impregnation from the liquid phase.

Vs = Vmi + Vme

VΣ = Vs + Vma,
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The mesopore diameter dPSD was calculated from the 
curves of the pore size distribution (PSD) using the desorp-
tion branch of isotherms according to the BJH-method.

Zn (II) adsorption measurements

The adsorption densities of Zn (II) ions were measured using 
the radiotracer technique (Zn-65 radioisotope) was submit-
ted by OPiDI (Świerk, Poland). Based on the radioactivity 
changes before and after the sorption of Zn (II) ions on the 
surface of zirconium phosphate samples, adsorption was cal-
culated. The details of the method are described in the litera-
ture (Janusz and Skwarek 2018). To compare the adsorption 
affinity, the ZrP, ZrP/SiO2 or ZrP/TiO2 samples were added 
to 50 ml of Zn (II) ions solution so that the total surface 
area of the sample to volume ratio of the solution was the 
same. Radioactivity of the electrolyte solution before and 
after adsorption was measured using the liquid scintillation 
counter by Beckman, USA.

Results and discussion

Physicochemical characteristics

The XRD analysis shows that ZrP bulk precipitated in acid 
medium is X-ray amorphous (Kabata et al. 1999; Janusz 
et al. 2000; Zhang et al. 2008a, b). Its mechanochemical 
deposition onto the fumed oxides does not phase the com-
position of prepared compositions. Thus, the samples based 
on aerosils retain being X-ray amorphous since both com-
ponents are the same. On the other hand, the XRD patterns 
for the  TiO2 samples contain peaks of anatase and rutile as 

for the support itself. Since the obtained diffraction patterns 
are not very informative, they are not shown here.

Figure 1a and b show SEM micrographs of samples of 
zirconium phosphate composites with A380 and A50 aero-
gels, respectively. SEM micrographs indicate aggregation of 
large and small particles in composites obtained as a result 
of mechanochemical treatment of samples. In the case of 
the ZrP/A380 composite, there is a visible presence of large 
non-uniform particles in size (~ 400 nm) and shape, and 
small almost spherical particles, more homogeneous in size 
(~ 36 nm). The sample of the ZrP/A50 composite, Fig. 1b, 
obtained as a result of the mechanochemical treatment, also 
indicates the heterogeneity of the size and shape. However, 
large particles with a size of ~ 700 nm show a distinct char-
acter of small particle agglomerates with a spherical shape 
and similar size, ~ 65 nm.

The morphology of the particles of zirconium phosphate/
titanium oxide composites obtained as a result of mechano-
chemical treatment is shown in Fig. 2a–c for the samples: 
20% Zr(HPO4)2/TiO2 MChT of Zr(HPO4)2 xerogel in air, 
20% Zr(HPO4)2/TiO2 MChT of Zr(HPO4)2 xerogel in the 
water at 300 rpm during 0.5 h and samples 20% Zr(HPO4)2/
TiO2 MChT of Zr(HPO4)2 MChT hydrogel in the water at 
300 rpm during 0.5 h, respectively. Each of the presented 
Figures shows a fraction of larger spherical particles with 
a diameter of ~ 130 nm and a fraction of spherical particles 
with a smaller diameter ~ 57 nm in the case of the treat-
ment of xerogel samples in air or particles with a diameter 
of ~ 75 nm of composites mechanically processed in water.

The results of the analysis of the surface composition 
of ZrP/SiO2 and ZrP/TiO2 samples by the EDS method are 
presented in Table 1. As can be seen, the content of ZrP on 
the surface of the composites reaches a few percent. This 
means that only a part of the surface of the  SiO2 or  TiO2 

Fig. 1  a SEM micrographs of the sample Zr/A380. b SEM micrographs of the sample Zr/A50
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support is covered with ZrP. Moreover, the analysis of the 
data presented in Table 1 shows that the ZrP/SiO2 composite 
milled in the air (sample 2) is characterized by the lowest 
content of ZrP on the ZrP/SiO2 surface. The highest surface 
ZrP content among ZrP/SiO2 composites was obtained by 
the method of mechanical treatment of the mixture contain-
ing ZrP in the form of a wet gel (sample 6).

In the case of ZrP/fumed  TiO2 composites, mechanical 
treatment in the air also leads to the smallest surface con-
tent of ZrP, although the difference between the samples, 
mechanically treated in water and in the air (samples 4 and 
3, respectively), is smaller. This difference can be explained 
as follows. Taking into account a large excess of silica in 
relation to ZrP, as well as the difference in the hardness of 
the components (Mohs hardness of amorphous silica and 
ZrP is 5 and 6.5, respectively) (Wood and Hodgkiess 1972; 
Davraz and Gunduz 2005), "smearing" of amorphous silica 
on the ZrP particles is possible during dry milling. To a 
lesser extent, this applies to the composition based on crys-
talline  TiO2. If the phase, that is deposited (ZrP), is in the 
form of a wet gel (samples 6 and 7), the Zr/Si(Ti) ratio is 
1.5–2 times higher than during deposition of a dried ZrP 
xerogel (samples 2–4). Similar results were obtained during 
the mechanochemical deposition of tin dioxide on silica gel 
(Khalameida et al. 2020).

The FTIR spectra of the studied samples for the range 
4000–1400 cm−1, presented in Figs. 3 and 4, confirm the 
results of EDS analysis. As can be seen, these spectra 
contain broad absorption bands (a.b.) at 3800–2700 cm−1 
which consist of several components and are attributed to the 
stretching vibrations of the surface OH-groups. Particularly, 
the spectra recorded for samples based on aerosils contain 
sharp a.b. at 3745 cm−1 and broad a.b. with the maximum 
about 3300 cm−1. The former is assigned to the isolated 
silanol groups (Innocenzi 2003; Skubiszewska-Zieba et al. 
2016; Christy 2011) and the latter—to the P–OH groups 
Zhang et al. 2008a, b; Pica 2017; Rao et al. 2017; Jastrzębski 

et al. 2011). Similarly, the spectra for samples based on  TiO2 
contain a.b. at 3550 cm−1 and 3300 cm−1. The first of these 
bands is attributed to the stretching vibrations of Ti–OH 
groups (Deiana et al. 2010; Cerrato et al. 1993). Therefore, 
the spectroscopic data show that the deposited ZrP phase 
does not cover completely the surface of the support and the 
surface of the compositions has a mosaic structure.

Bulk ZrP has a micro-mesoporous structure (Sydorchuk 
et al. 2012). Its mechanochemical deposition onto fumed 
oxides in water facilitates meso-macroporous composi-
tions formation. As a result, the isotherms characteristic for 
mesoporous materials were recorded for these supported 
samples (Rouquerol et al. 1994). Besides, PSD curves have 
several maxima in the range of mesoporosity [inset to Fig. 1 
in Sydorchuk et al. (2012)]. The parameters of their porous 
structure are listed in Table 2. One can see that sample 2 
prepared by dry milling possesses a maximal specific sur-
face area. This milled sample is a highly dispersed and non-
porous powder, as found by dry milling of pure aerosil in 
work (Sydorchuk et al. 2010). The other studied samples 
have developed mesoporous or meso-macroporous structure 
i.e. they are characterized by the multimodal porosity which 
accelerates diffusion in porous space. The excess of the  VΣ 
value over the  Vs one confirms the presence of macropo-
res. As a result, porous structure of deposited compositions 
and cation-exchanged sites should be more accessible for 
hydrated Zn species.

Kinetics of Zn (II) adsorption on ZrP

The kinetics of zinc ions adsorption on the ZrP/SiO2 
composite samples from a solution with an initial con-
centration of Zn (II) ions of 0.000001 mol/dm3 and an 
initial concentration of 0.0001 mol/dm3 are presented, in 
Figs. 5 and 6, respectively. Obviously, the faster kinetics 
for the supported samples compared with bulk ZrP is due 
to their multimodal porosity: the absence of micropores 

Fig. 2  a SEM micrographs of the sample ZrP/TiO2 xero air. b SEM micrographs of the sample ZrP/TiO2 xero water. c SEM micrographs of the 
sample ZrP/TiO2 hydrogel water
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but the presence of macropores and mesopores of differ-
ent sizes (Table 2). The latter facilitates fast diffusion of 
hydrated cations in the pores and accessibility of surface 
cation-exchanged sites. The pseudo-first-order, pseudo-
second-order, intra-particle diffusion and Elovic models 
were fitted to the time dependence of adsorption, as in 
works (Tan et al. 2018; Zhang et al. 2008a, b; Shafaati 
et al. 2020; He et al. 2020; Bulin et al. 2020). The best fit 
of the experimental results was obtained using the pseudo-
second-order model as for sorption of Cd(II) on modi-
fied attapulgite (He et al. 2020) or Cr (VI) using reduced 
graphene oxide/montmorillonite composite (Peng et al. 
2020). The comparison of the experimental data (points) Ta
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Fig. 3  FTIR spectra of ZrP and ZrP/SiO2 composites

Fig. 4  FTIR spectra of ZrP and ZrP/TiO2 composites
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to the model calculations with the second-order model 
(lines) is shown in Figs. 5 and 6 (points) and the con-
stants of the fit with the pseudo-second-order model are 
presented in Tables 3 and 4 for the initial concentrations 
of 0.000001 and 0.0001 mol/dm3. As can be seen from 
the data of Tables 3 and 4, the equilibrium adsorption for 
all samples is the same except the sample No. 1 (ZrP), 
namely for the Zn (II) ions adsorption from solution with 
the initial concentration of 0.000001 mol/dm3. However, in 
this case, the adsorption pH, due to the acidic nature of the 
zirconium phosphate surface groups, was much lower than 
for the other samples (pH 3 against pH ~ 6, respectively). 
Since the adsorption of Zn (II) ions takes place through the 

exchange of hydrogen ions of surface groups, a lower pH 
value reduces the adsorption of Zn (II) ions. The presented 
results of the kinetics of Zn (II) adsorption show that the 

Table 2  Influence of synthesis conditions on the porous structure resulted compositions [Error! Bookmark not defined.]

Sample no Synthesis S
m2/g

VΣ
cm3/g

Vmi
cm3/g

Vme
cm3/g

Vma
cm3/g

dme
nm

1 Zr(HPO4)2 bulk, precipitation from  ZrOCl2 and  H3PO4 195 0.15 0.07 0.08 – 3.6
ZrP/SiO2 composites
2 20 Zr(HPO4)2/A-380. MChT of Zr(HPO4)2 xerogel in air, 300 rpm 0.5 h 278 – – – – –
6 20% Zr(HPO4)2/A-50. MChT of Zr(HPO4)2 hydrogel, 300 rpm 0.5 h 107 1.21 – 0.19 1.02 3.3
ZrP/TiO2 composites
3 20% Zr(HPO4)2fumed  TiO2. MChT of Zr(HPO4)2 xerogel in air, 300 rpm 0.5 h 148 0.44 0.01 0.43 – 3.8; 40
4 20% Zr(HPO4)2/fumed  TiO2. MChT of Zr(HPO4)2 xerogel in  H2O, 300 rpm 0.5 h 51 0.56 – 0.10 0.46 3.8; 23
7 20% Zr(HPO4)2/fumed  TiO2. MChT of Zr(HPO4)2 hydrogel, 300 rpm 0.5 h 84 0.63 – 0.17 0.46 5.5; 50

Fig. 5  Kinetics Zn (II) ions adsorption of on the zirconium phos-
phate/silica (sample no 2 and 6) and zirconium phosphate/titania 
(sample no4) composites samples from the solution of the initial 
concentration 0.000001 mol/dm3 Zn (II) ions. The points indicate the 
experimental data, the lines-the pseudo-second-order model using the 
constants collected in Table 3

Fig. 6  Kinetics Zn (II) ions adsorption of Zn (II) ions on the zirco-
nium phosphate/silica or titania composites samples from the solution 
of the initial concentration 0.0001 mol/dm3 Zn (II) ions. The points 
indicate the experimental data, the lines-the pseudo-second-order 
model using the constants collected in Table 4

Table 3  Constants of the pseudo-second-order model of the kinetics 
of Zn (II) ions adsorption from the solution of the initial concentra-
tion 0.000001 mol/dm3 on ZrP/silica and ZrP/titania composites

Sample no k2 qeq ∑

�

a
e
−a

c

a
e

�2

1 4.50 1.12 0.0011
2 12.54 1.25 0.0009
3 1634.97 1.25 2.14E-07
6 65.50 1.26 0.0002
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adsorption of zinc ions on both bulk zirconium phosphate 
and its composites with  SiO2 reaches equilibrium within 
a few minutes.

The dependence of Zn (II) ions adsorption at the ZrP 
interface as a function of pH for different concentrations of 
Zn (II) ions is shown in Fig. 7 while for the ZrP/SiO2 and 
ZrP/TiO2 composites it is presented for the initial concentra-
tion of 0.000001 mol/dm3 Zn (II) ions in Fig. 8, and for the 
initial concentration of 0.0001 mol/dm3 in Fig. 9. The course 
of adsorption of Zn (II) ions at the above-mentioned phase 
boundaries as a function of pH resembles the adsorption 
of cations at the interface metal oxide—electrolyte solution 
interface, which is characterized by the edge adsorption, i.e. 
a narrow pH range in which the adsorption increases from 
almost 0–100%. The characteristic parameters of the edge 
are  pH50% adsorption and ΔpH10–90%. The first parameter 
indicates the adsorption affinity of ions for the surface of a 
solid, the latter determines the slope of the adsorption edge.

The adsorption of cations on zirconium phosphate, sim-
ilarly to the metal oxide, can be described as a process of 

non-stoichiometric cation exchange with a hydrogen atom 
from a surface hydroxyl group on a metal oxide (Bulin 
et al. 2020).

Where≡SOH denotes the surface group ZrP (≡ZrOH 
or = POH).M—denotes the metal cation  (Zn2+).n—the num-
ber of surface groups reacting with the cation = the number 

(1)n ≡ SOH +Mez+ ⇔ (≡ SO−)nM
(z−n)+ + nH+

Table 4  Constants of the pseudo-second-order model of kinetic 
Zn(II) ions adsorption from the solution of the initial concentration 
0.0001 mol/dm3 at ZrP/silica and ZrP/titania composites

Sample no k2 aeq ∑

�

a
e
−a

c

a
e

�2

1 128.3 0.125 5.05E-06
2 589.9 0.123 7.35E-05
3 55.1 0.126 2.31E-05

Fig. 7  Adsorption (%) of Zn (II) ions on zirconium phosphate as a 
function of pH for different initial concentrations of Zn (II) ions

Fig. 8  Adsorption (%) of Zn (II) ions on the zirconium phosphate/
silica or titania composites samples from the solution of the initial 
concentration 0.000001 mol/dm3 of Zn (II) ions as a function of pH

Fig. 9  Adsorption of Zn (II) ions on the zirconium phosphate/silica or 
the zirconium phosphate/titania composites samples from the solution 
of the initial concentration 0.0001 mol/dm3 of Zn (II) ions as a func-
tion of pH
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of released H + cations.z—the electric charge of the cation 
(2 +).

Assuming that the energy of the chemical interactions of 
the ion with the surface group is much greater than that of 
the electrostatic interactions, the thermodynamic constant of 
the cation adsorption reaction on the zirconium phosphate 
surface, omitting the electrostatic interaction component, 
can be expressed by the following formula:

where
βn

s—the thermodynamic constant of the reaction.
When the equation is logged and transformed, a linear 

form is obtained that allows to calculate the equilibrium con-
stant of the reaction βn

s and the n factor related to the amount 
of released ions  H+:

The values of the constants and the amount of released 
 H+ ions obtained by this method change with the concentra-
tion of the adsorbed ion and that of the carrier electrolyte. 
However, a good match of the adsorption as a function of 
pH is achieved for a given concentration of the ion and the 
background electrolyte.

The relations presented in Figs. 7–9 show only a part 
of the adsorption edge. In the case of zirconium phos-
phate, the adsorption edge is shifted towards the acidic 

(2)�s
n
=

[

(≡ SO−)nM
(z−n)+

][

H+
]n

[≡ SOH]n
[

Mz+
]

(3)lg

(
[

(≡ SO−)nM
(z−n)+

]

[

Mz+
]

)

= lg(�s
n
) + nlg

(

[≡ SOH]
[

H+
]

)

pH scale, the  pH50% calculated using the non-stoichiomet-
ric exchange model is 1.2, while the number of  H+ ions 
exchanged is 0.9. The  pH50% value indicates a very high 
affinity of Zn (II) ions for the ZrP surface at the initial 
concentration 0.000001 mol/dm3 Zn (II): in the case of 
 TiO2 (anatase)  pH50% ~ 5.5 (Janusz et al. 2000, 2003) and 
for  SiO2  pH50% = 6.2 (Janusz et al. 2003).

The computations of the equilibrium constants of Zn 
(II) adsorption and the amount of released  H+ ions based 
on the non-stoichiometric exchange model are presented in 
Table 5, taking into account the following concentrations 
of the surface hydroxyl groups: at ZrP surface 4.2 OH 
groups/nm2 (Tang et al. 2016), at silica 4.9 OH groups/
nm2 (Zhuravlev 1987) and  TiO2 4.8 OH groups/nm2 (Wu 
et al. 2017). In most cases of Zn (II) adsorption on zir-
conium phosphate and composite materials, the amount 
released by one Zn (II) ion is approximately equal to 1 
 H+ ion. This is an approximate value because the slope of 
the line representing the relationship lg {[(≡SO-)nZn2−n]/
[Zn2+]} vs. lg{[H+]/[≡SOH]} apart from the value of n 
also contains a component of electrostatic interactions. 
Nevertheless, reaction 1 represents a certain result of the 
adsorption reaction on one or two functional groups and 
allows to determine the participation of these reactions 
in the adsorption of Zn (II) ions and surface groups. In 
the case of ZrP/SiO2 composites,  pH50% = 3.4 and for ZrP/
TiO2 composites,  pH50% = 3.1. This may be due to the con-
tribution of weaker acidic Si–OH and Ti–OH groups (see 
FTIR data in Figs. 1 and 2). An increase in the initial con-
centration of Zn (II) ions causes a shift of the adsorption 
edge towards higher pH values and its flattening (Table 5).

Table 5  Equilibrium constants of Zn (II) adsorption and the amount of released  H+ ions based on the non-stoichiometric exchange model

Sample no Synthesis Zn[II] 
conc. [mol/
dm3]

pβn
s n pH50% ∆pH10–90%

1 Zr(HPO4)2 bulk. precipitation from  ZrOCl2 and  H3PO4 0.001 0.05 0.8 3.2 2.3
0.0001 1.18 1.2 2.8 1.5
0.00001 0.52 1.1 2.7 1.8
0.000001 3.36 0.9 1.2 2.2

ZrP/SiO2 composites
2 20 Zr(HPO4)2/A-380. MChT of Zr(HPO4)2 xerogel in air. 300 rpm 0.5 h 0.0001 0.02 1.0 4.0 1.9

0.000001 0.4 0.9 3.4 2.2
6 20% Zr(HPO4)2/A-50. MChT of Zr(HPO4)2 hydrogel. 300 rpm 0.5 h 0.0001 1.1 1.8 3.4 1.16

0.000001 0.006 0.7 4.1 2.8
ZrP/TiO2 composites
3 20% Zr(HPO4)2fumed  TiO2. MChT of Zr(HPO4)2 xerogel in air. 300 rpm 0.5 h 0.0001 0.03 1.0 3.9 1.8

0.000001 0.6 1.4 3.3 1.3
4 20% Zr(HPO4)2/fumed TiO2. MChT of Zr(HPO4)2 xerogel in  H2O. 300 rpm 0.5 h 0.000001 129.2 2.48 3.1 0.8
7 20% Zr(HPO4)2/fumed  TiO2. MChT of Zr(HPO4)2 hydrogel. 300 rpm 0.5 h 0.0001 0.6 1.6 3.2 1.2

0.000001 0.27 1.07 3.0 1.8
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Conclusions

The nanostructured compositions containing 20% zirconium 
phosphate and 80% silicon dioxide or titanium dioxide pre-
pared through milling the mixture of precipitated zirconium 
phosphate with fumed oxides at 300 rpm for 0.5 h contain 
only a few % of zirconium phosphate on the surface and 
have developed meso- and meso-macroporous structure if 
milling is carried out in the presence of water. Strong P-OH 
as well as weak Si–OH and Ti–OH groups are present on 
their surface. The adsorption of Zn (II) ions on nanostruc-
tured zirconium phosphate and its composites with oxides 
reaches equilibrium within 10 min and is well described by 
the pseudo-second-order kinetic equation.

Location of the Zn (II) adsorption edge on zirconium 
phosphate from the solutions with an initial concentration 
of 0.000001 mol/dm3,  pH50% falls at pH = 1.3, while for a 
concentration of 0.001 mol/dm3  pH50% = 3.2. These values 
indicate that bulk zirconium phosphate can remove Zn (II) 
ions from the aqueous solutions in the acidic environment 
effectively. Research on the adsorption of Zn (II) ions on 
the ZrP/SiO2 and ZrP/TiO2 composites indicates that these 
composites can remove Zn (II) ions from aqueous solutions 
with pH > 5 effectively.
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